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ﬂ 1. INTRODMICTION AND SUMMARY
1
Recent progress in the development of high power

L lusers has evolved lasers capable of causing thermal dam-
age to materjal surfaces. In orde, to adequaiely evaluate

{ the effects of material properties 2nd laser beam charac-
teristics on material damage, a reliable analytical model
is needed. After reviewing many of the available analy-

L tical models, it was found that most were limited to
one-dimensional heat conduction, constant thermal proper-
ties, constant irradiation, and no radiation relief or sero-

! dynamic cooling. In many flight applications these effects
are significant. Therefore, extensive modifications have

] been made to the APL finite difference heat transfer pro-

| gram (Ref, 1) to analyze laser heating of flight vehicles.

i This new program is known as the Continuous Wave Laser
Damage Computer Frogram (CLAD). It computes mass
loss and temperature histovies of laser heated bodies ac-

¢ counting for three-dimensional conduction, temperature de-
pendent thermal properties, vaporization, melting, chemi-
cal reactions, aerodynamic heating, radiation relief, and
i materjal removal,

The APL/BBE Continuous Wave Laser Damage Com-
! puter Program (CLAD) uses finite difference techniques to
predict temperature histories in leser heated materials.
The program is written in PL/] computer language, and in-
\ cludes: (a) three-dimernsiona! conduction, (b) thermal
. properties as functions of temperature (thermal conduc-

i tivity, thermal capacitance, absorptivity, and emissivity v,
tt (c) radiation relief, (d) latent heat of fusion, and (e) laser
irradiation of each surface element specified as a function

Ref. 1. D, W. Fox, H. Shaw, and J. Jellinek, 'Nu-
merical Approximations in Heat Transfer Problems and
.- Usage of IBM 7090 Computer for Solutions, ' APL/JHU
. CF-2954, 17 May 1962,

Y Moy
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of time, with an option to specify irradiation by a moving
Gaussian beam. CLAD has recently been expanded to in-
clude: (a) aerodynamic heating and cooling, (b) material
vaporization. {c) chemical reactions at the surface,
{¢) material renoval of vaporized and ablated elements,
and (e) cylindrical elements.

This report has been written as a aser's manual for
the CLAD program and includes an overview of the program,
a discussion of assumptions and limitations, a main pro-
gram description and a sample problem.
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2. OVERVIEW OF CLAD CALCULATIONS

The following discussion pregents a brief overview
of calculations performed in CLAD, and is followed by de-
tajiled discussions of: (a) the surface energy balance,
(b) time step calculations, {(c) corrections for blowing,

(d) an option for mechanical erosion, and (e) assumptions
and limitations,

The CLLAD computer program is a finite difference
program written for analvsis of laser heated plates and
cylinders. The program includes radiative and convective
heating with heat relief via radiation and conduction. In
addition, the program can account for in-depth melt:ng and
material removal at the heated surface, The material re-
moval process can be via vaporization or chemlical reac-
tions &t the surface, The vaporization process vccurs at a
specific temperature and heat of vaporizetion, while the
chernical reactions occur over a range of surface tempera-
tures and either absorb or release heat at a rate dependent
on the surface temperature and the chemical nature of the
ablating material.

A pictorial view of some of the parameters included
in CLAD is presented in Fig, 1, The program comnutes a
surface teinperature (T,,) of each zero volunie suriace node,
by iteratively solving an energy balance at the surface., For
ablating surfaces the surface z2nergy balance includes »
chemical heating term which is cbtained from the Equilib-
rium Surface Taermochemistry Program (EST) (Ref. 3), as
a function of surface temperature and local pressure. Fol-
lowing computsation of the surface temperature, CL.AD com-
putes the ablation mass loss rate as a function of the surface
temperature and local pressure. Capacitances of all finite
volume elements (2 and 3) are then computed as functions of
temperature, and conduction heating rates are computed

Ref. 2. "User's Mauual, Aerotherm Equilibrium
Surface Thermochemistry Program, ' Version 3, 3lero-
therm Corporation, Mountain View, California, I cport
UM-70-13, May 1870,
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Boundary Layer Edge
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Fig. 1 CLAD Surface Energy Model
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botween adjacent nodes. A critical stability time step is
then used to compute node temperatures at the next time
step. Corresponding surface temperatures are then com-
puted for the zero volume surfane elements, and the above
calculations aire repeated for the next time step., This se-
quence continues until the end time is reached,

SURKFACE ENERGY BALANCE

The chemical reaction model used in CLAD is the
same ay used in Ref. 3. In this model (Fig. 1) the surface
energy balance per unit area is:

%n * %nem * Yconv * %cond ~ Yrad out ~ Ygens © O M

I.ooking at the individual terms, the incoming heat

rate (q;,) is made up of laser heating and radiative heating
as follows:

= ¥
9y, !(qias) (VIEW) A :ﬁ] .,PHA,W . 2)
where:
Nas is the incident iaser heat flu~ per unit
area,
VIEW is a view fector to account for angular
beam impingement,
Uad in is an incident radiation heat flux per

unit area, and

.‘A\LPHAW is the surface ubsorptivity evaluated at
Tw:

Ref. 3, "User's Manua! Aerotherm Charring Mate-
rial Thermal Response and Ablation Program, ' Version 3,
Aerotherm Corporation, Mountain View, California, Re-
port RM-70-14, April 1970.
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Like all such models, the model used to obtain "

Qchem 18 an approximation. A discussion of its validity ia -y
beyond the scope of this report but has been made in Refs, g
4 and 5. In thir model (Fig. 1) free stream gases diffuse v g
through the boundary layer to the surface, where they react ..
with the ablating material and either release or absorb heat, o
The resulting gases are then removed from the surface via T *;
diffusion and convective mass transfer into the boundary v d
layer. Appendix A presents a derivation of the chemical I !
heating rate (qQopem! in terms of diffugion and mass trans-

fer rates,

However, the chemical reaction model contains zev-
eral important agsumptions, which are:

1.  All chemical reactions take place at the wall
and no reactions 2ccur in the boundary layer,

| e

2. No solid reactants are produced at the wall and
no ablative material leaves the surface due to
mechanical erosion. For special cases where
ATJ graphite is used, mechanical erosion can
be included (see Mechanical Erosion Option
later in this Secticn),

3, There 1s no pyrolysis within the ablative mate=
rial; all pyrolysis is confined to the surface. b

; Ref. 4.  C. B. Moyer and R. A. Rindall, "Finite Dif-
ference Solution for the In~Depth Response of Charring
Materials Considering Surface Chemical and Energy Bal-
ances,' Aerotherm Corporaticn Final Report 66-7, Part I,
14 March 1967 (also NASA CR-1061, June 1968). .

. Ref, 5. E, P, Bartlett and R. D. Grose, '"An Eval-
o uation of & Transfer Coefficient Approach for Diffusion Coef-
ficients, "' Aerotherm Corporation, Mountain View, Calif-

; ornia, Report 69-50, 30 June 1969,

e kil bl
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. 4. Gases diffuse through the boundary layer accord-
ing to their mass concentrating gradients and
these gradients are assumed linear through the
l -. boundary layer. 1

5. There is no thermal diffusion of gases in the
boundary layer.

The chemical heating term (qophem) ©f Eq. (1) is : 1
made up of two parts. The first term (qq) is the rate of
energy release due to diffusing gases reacting at the sur-
face. In this process, each free stream specie i diffuses

through the boundary layer to the surface where it reacts
with the surface and releases heat. The product specie i
then leaves the surface at a total enthalpy (AH;, ) different
than it had on arrival, This heating rate is expressed as:

n N
{ q =P U, (cm)bi:‘:1 (Zy o= 2y ) oH, . (3)

ow.

g

where:

N

peUe (Cm)bi?l (Zi. e Zi' w) is the diffusion

Louansy

mass flow rate of specie i arriving at a
unit surface area,

(Cm)b is the mass transfer
Stanton number (mg/pPoUgAZ)y,, corrected
for blowing as shown later in this Section
(Blowing Rate Correction), with AZ = the
diffusion driving potential which produces

- the diffusion mass flow rate (mg) into the

surface,

e e i

Sananamay
pame v Y

Z _and Z, are the diffusion
i e i,w

driving potentials for the ith specie diffus-
ing through the boundary iayer to the

Foommir 'y

a4

Pt o T~
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1

surface (Z{ ¢ is the potential at the bound- R

ary layer edge and Z; ., is the potential at _

the wall), and ‘g! ‘z‘:

L3N ;

AH& w is the enthalpy change of each diffusing 3 13

’ specie due to its reaction with the sur- i i ’%

= - Ir ¥

% face material (AHj w = Hj y - re, wle %

The second part of the qopem term represents the j :

rate of :nergy released (qg) by the ablating material as it * %

changes from a solid ablative to reacted gases: ” f §

: N g

9, =P U, (Cm)b ] (Ha.w Hrg. w) . (4) 3

; g

3 where R

3 . . N k:

peUe (Cm)b B is the ablation h \

rate (mg) -y

| ] is the ablation to S |

diffusion mass flux ratio defined as N
' Ha. w is the total enthalpy '
| ’ (above T,.qo¢) of the solid ablative material )
X evaluated at the wall tempersture (T,,), and v
k ﬁr W is the total enthalpy .
g (above 'I'.og) Of the gaseous reactants eval- L

{ uated at T, (Hpg, w is the sum of the chemi-

f cal and sensible enthalpy of the gases and Uy

is averaged according to the mass fraction
of each gas present at the surface).

Hence, the total chemical heating term is:

e M Lah e v 2 el i i "_w_-‘ Sl
S5 o, PO 050 o AR el IR, 8L A

N
%hem ~ % * 9 - peUe (Cm)b [ if1 (zi.e N zi.w) AHi.w v (Ha.w B Hrg. W)] » @
- 16 - i
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In Eq. (1) the convective heat transfer term is:

Uony “ Pele Crlp Hr = He, 4 (6)
where:

PU, (CH)b is the enthalpy based heat transfer
coefficient corrected for blowing
as will be discussed later,

(C.)) is the heat transfer Stanion number

HD .
corrected for blowing,

Hr is the total recovery enthalpy
(above T..r), and

He, w is the total enthalpy (above T.qf)

of the gases at the boundary layer
edge and evaluated at the wall tem-
perature.

The convective heat flux is more usually written in
the form:

9onv ~ peUe (CH)b (hr B hw) ’ (7)

where:

h_and h are the sensible recovery and wall
r w . .
enthalpies, respectively.

The derivation of Eq. (6) frcm Eq. (7) is given in Refs. 4
and 6.

Ref. 6. R. M. Kendall, R, A. Rindall, and E. P,
Bartlett, '"A Multicomponent Boundary Layer Chemically
Coupled to an Ablating Surface,' AIAA Journal, Vol. 5,
No. 6, June 1967, pp. 1063-1071.

-17 -
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q

For unity Lewis number, qohem @nd q.ony C80 be
combined and simplified, When the 1.ewis number equals 1,
the mass and thermal boundary layers are coincident in

space and Z; . is evaluated at the thermal boundary layer
edge. Hence:

(Cﬁ)b = (Cm)b‘.
and ‘ '

For the unity Lewis number:

conv * Genem = Pele (CH)b[ ® -H 8@, -H w)] . (8)

where the heat transfer coefficient pgUg (Cy) and recovery
enthalpy H,. are time dependent variables input by the user.
The heat transfer coefficient is automatically adjusted for
blowing as is discussed later in this Section. The quantity
Hy 4 is obtained from a utility program which computes
Ha.w as a function of wall temperature as follows:

T .
w {pc )
Ha’w=j' —P-p dT . (9)
ref

The remaining terms in Eq. (8) are obtained from
the Equilibrium Surface Thermochemistry Program (EST)
(Ref, 2). For unity Lewis number EST supplies Ty, and
H.o was tabular functions of local pressure (P ) and the
ablation to diffusion ratio (8). As part of the CLAD pro-
gram, a uiiiity subroutine accepts EST output directly and
converts it to tables of Hyg y» B (Hg, y - Hrg, w)s and B as
functions of Py, and T,

For Lewis numbers not equal to 1, qopem and 9onv
are as presented in Egs. (5) and (6), and the EST program

-18 -
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N

.’ V ‘ o :V

supplies Ty, ﬁrg,w- He, w» and izl (Zi,e = Zi,w) 0Hj,

as tabular functions of P; and #. The utility subroutine
accepts this data directly and converts it to tables of

H . H

rg, w' e.w’

N

i=1

and 8 as functions of Py and Ty,.

z (Zi.e - Zi.w) 0H; +5 (H"w_- H

g, W

The remaining terms in Eq. (1) are:

Kw-2 |
9ond "L (Tg - Ty)
w=2
_ 4 4
YGadout T (Tw Tsp)’ and
9sens - Mg (ha.w B ha. 2) !
where:
Kw-2 is the material thermal conductivity eval-
uated at (T, + Ty)/2,
L is the conduction path length from the wall
w=2
to node 2,
F is a view factor,
c is the Stefan-Boltzman constant,
€ is the surface emissivity, and
Ygens i3 the sensible energy required to raise

the ablating material from temperature
T2 to surface temperature Tye

In Ref. 8 this is referred to as the ''velocity term."

- 19 -
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TIME STEP CALCULATIONS

At the beginning of time step a, Eq. (1) is solved
iteratively for surface temperatures at time 7,. For ablat-
ing surfaces the ablation to diffusion ratio (8) is found from
tables as a function of T, and Py .. B is then used to find
the ablation mass loss rate per unit area from:

where:
peUe (Cm)b = peUe (CH)b (cm/CH) .

and p U, Cy is input as a function of time and corrected for
blowing as will be shown later. Cm/ Cy is also an input
value,

For surfaces that are vaporizing instead of chemi-
cally ablating, the surface energy balance becomes:

9,%a tmo Q

n ‘conv & ‘vap *9ond ~ %rad out ~ @ =0, (10)

sens

where Qvap i3 the heat of vaporization per pound of mate-
rial. By setting the surface temperature equal to the vapor
temperature, Eq. (10) is used to con.pute m,.

Following computation of m,, the CLAD program
computes heat conduction between elements and elemental
capacitances These values are then used in the Dusinberre
stability equation (Ref. 7) to find the stability time step which
equals 90% of the smallest value of:

(pc V)i
KA *
()
J 1)
Rel, 7. G. M. Dusinberre, Heat Transfer Calcula-

tions bz Finite Differences, International Textbook Co.,

Scranton, 1961,

-20 -
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where i is all elements having a capacitance associated
with them, and the sum is taken over all elements j con-
nected to i. The temperature of interior elements 2, 3,
etc. are then computed at time 7). If any element has gone
above its melt temperature, then subroutine QFUSON com-
putes the melt depth in each element. If an element has not
completely melted, then it is set to the melt temperature.
1f the element is resolidifying then QFUSON accounts for
the heat of fusion and reduces the melt depth accordingly.

The laser surface heating rate (Q55) is next com-
puted at time 7). CLAD then uses the mass loss rate com-
puted at T, to determine the volume of element 2 removed
during the time interval T}, - T,. As the volume of element
2 decreases, the stability time step approaches zero, There-
fore, after a specified portion of element 2 (usually 50%) has
ablated away, the program lumps the remaining portion with
element 3. Element 2 then becomes a zero volume surface
node and element 1 is removed from the model (as shown at
Te in Fig. 2). In this manner elementt are removed with-
out seriously reducing the stability time step.

As each element shrinks, conduction paths to adja-
cent elements are also changed. Conduction paths perpen-
dicular to the surface are adjusted according to the distance
between elements, assuming the node always remains in the
center of each element, It is important to remember, that
during mass removal, the location of element 2 is continu-
ally moving toward the backface.

Thermal resistance between longitudinally adjacent
elements are computed as the sum of the resistances of
each element. For example the thermal resistance between
elements 2 and 5 in Fig. 2 at 7, is:

(ﬁ)-l =( K2A2 )~l+( KSAS )-l an
L 2.5 0.5L2_5 2.5 L2-5

where the conductivities Ky and K3 are evaluated at T3 and
Tg, respectively. At time 7T, in Fig. 2 the conduction path

- 921 -
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between elements 3 and 6 is calculated in the same manner
as between 2 and S in Eq. (11), Notice that even though
elements 3 and 5 have a common :nterface they are not di-
rectly connected; however, they are indirectly connected
through element 6,

After computing the thermal resistance between
ablating elements the program calculates surface tempera-
tures at time 7|, using Eq. (1), aa done previoualy at time
.. The pmcesure is continued computing my. Taq, '1‘3.
e?c. at each time gtep until the end time is reached,

BLOWING RATE CORRECTION
The CLAD program automatically reduces the heat
and mass transfer Stanton numbers (Cy and C.,) to account

for the familiar blowing effect according to the equation:

o

(Cﬂ)b = CH -ea—-—; ’ (12) «
where: ?
2).m‘
o= peUe Ty . (13)

and A is an empirical constant known as the 'blowing parame-
ter.'" Reference 3 recommends that A = 0.5 be used for lami-
nar flow and that A = 0. 4 correlates with turbulent data some-
what better.

The CLAD program computes (Cp,), from an acalogy
bewteen heat and mass transfer, where (Cp)p, = (Cy)y, Cp,/Cy
and the corstant ratio C,,/Cy is input to the program.

M Lt et
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For graphite, the user has the option of using the
Putz and Bartlett correlation (Refs. 8 and 8) instead of
Eq. (13). The Putz and Bartlett equations are as follows:

. . 2 s 4
)y c“l:.o 0.43638 +0.01794 8 +0.08368 8 .o.omslo} , (14)

A S it |

—

kot v L i) o, el e, it K . s

and
I
22 <
(€ ) =cC 'VL . 1%) ;
mb “H W g 2
where:
LIRN g
g =p-T2 (16)
0 Ch {‘ i
and

A = (0.012 + 0,018 8_ + 0. 0814 pg) * (0,762 - 0,038 8 ). (17)

o
[ {rrery

‘The user . .‘tiatas the Putz and Bartlett correlation for
graphites by changingz CM_CH to a negelive velue in the
CALL ABARQOS stasisment (see Section 3). This also ini-
tiates the mechanical erosion option discussed below.

MECHANICAL EROSION OPTION

ia the above discussion of CLAD, the ablation mass
loss (m,) is convpuled assuming no mechanical erosion. At

1. 8, K. E, Putz and E. P, Bartlett, "Hea: Trans- H
fer and Ablation-Rate Correlations for Reentry Heat Shield
o and Nose Tip Applications,' AIAA Preprint Paper No, 72-91,
S January 1974,

Ref, 3. L. L. Perini, "Heat and Mass Transfer Cor-
relation Equetions for Subliming Graphite in High Speed
Flow,'' APL/JHU ANSP-M-11, August 1974.

- 24 -
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Ligl temgeiwwures and in a high shear environment, mechani-
cal erosion can became significant. Although CLAD, jin gen-
eral, caanot handle mechanical erosion, it does have a spec-
cial cal:ulation for ATJ graphite, where the total mass loas
rate is the sum of the chemical ablation mass loss rate (m,)
and the mechanical mass loas rate (mpach)e In Ref, 10 the
My ech 18 derived from the difference between experimentally
measured rnass logs data of Lundell and Dickey (Ref, 11) and
analytical values coiaputed neglecting mechanical erosion, A
curve through the bulk of the pointa gives:

314
‘[4173‘71‘,,/1,3) - 0.155] ’ (18)

o)

m L 4
mech

which is applicable over the temperature range 4500 = 'l‘ s
7245°R and local stagnation pressure range 0,3 £ Py 4.4
atm. Since no experimental data are availahle above 7245°F,
M ech 18 8et equai to 1,89 m, at values above 7245°R. 1t
should be emphasized that the above calculation is only valid
for ATJ graphite, The user may initiate the mechanical ero-
sion option by changing CM_CH to a negative number in the
CALL ABAROS statement,

* }

CLAD = ASSUMPTIONS AND LIMITATIONS

)
[——1

There are several assumptions and limitations in
CLAD of which the user should be aware. These are dis-
cussed in the following paragraphs:

Rparatrm o d

1. The CLAD program is limited to only one ablat-
I ing material in any given analysis, This restric-
e tion can be eliminated in the future if the need
arises, but will require some reprogramming.

Ref. 10, L.. L. Perini, "Review of Graphite Ablation
Theory and Experimental Data, ' APL/JHU ANSP-M-1,
December 1971, b

Ref, 11. J. H. Lundell and R. R. Dickey, ''Graphite
Ablation at high Temperatures,'' AIAA Preprint Paper No.
71-418, April 1971,

- 25 -
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Although CLAD is timited to one ablating mate-
rial there may be severcl subetrates of differ-
ent materiala as long as these substrates don't Y
ablate. In addition CLAD is restricted to inodels e
which either chemically ablate or vaporize but

cannot handle modela which do both. For one- i
dimensional models, both these restrictions can e
be handled by running the program twice. The

first run was continuous until the first surface ;
layer is completely ablated, then the second run .
is made using the second surface material ini- -
tialized to the temperatures at the end of the l
first run. >

i
k|
!
i
;

The user should realize that although CLAD { t;
is restricted to a single ablative per run, it is .
not restricted to a single vaporizing material ,
per run. It can have several material layers .
each vaporizing when it becomes the surface ’
layer.

2. As elements ablate or vaporize the surface tem-
perature fluctuates in a "'sawtooth'' manner :
caused by node lumping., This sawtoothing is »
usually not too severe and may be reduced by '
uging smaller elements (Ref, 12).

3. If during a single time step, a vaporizing sur-
face has not yet melted, then its heat of fusion -
is ignored for that time step. This is usually Hi
rot very serious since the heat of vaporization

; is usually much larger than the heat of fusion.

4. As surface elements ablate the node adjacent to
the surface is always located in the center of the

element. Hence as the element ablates the node

4 is continually moving towards the backface. This

Ref. 12. J. D. Randall, "A Survey of Possibie Node
Dropping Methods for Use in the Standard Heat Transfer
Program, ' APL/JHU ANSP-M-10, August 1974,

§
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can sometimes be confusing when plotting a tem-
peraiure history of this node, since the slement
location is not constant.

o attampt has been made to heat the side of
those ¢lements whoase neighboring elements have
ablated or vaporized.

Mass removal, chemical reactions, and vapori-
xation occur only at the surface.

The number of differert materials is presently
limited to nine, If additional materials ace re-
quired, CLAD could be rcprogrammed to handle
them,

Although the CLAD analysis contains several assump-
tiona and limitations, it is still quite general and can be uti-
lized for a wide variety of applications. The programming
details necessary for implementing CLAD are discussed in
the following section.

-27-
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3. MAIN PROGRAM DESCRIPTION

The CLAD program consists of a series of subrou-
tines called by a main program. A typical main program
is as follows:
NAME: PROCEDURE OPTIONS (MAIN)
DECLARE STATEMENTS
CALL STORE
A series of initialization statements
which might include: GET COPY
DATA, GET LIST, CALL READRK,
CALL READTM, CALL READAB,
and CALL RFNCP3
CALL THREED
CALL SET
1n: IMAX = DECIDE (TIMS, 10X, TIMEI®
CALL GAUSBM"
CALL QFUSON"
CALIL. ABARQ3
CALL CAPUCNY
CALL WRITE

CALL STEP

*These statements are optional.

-29 -
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reader may find it helpful to refer to Appendix B, which .
presents the main program used to analyze a sample prob- 1
lem discussed later in the text.

BILVER SPRING. MARYLAND ‘ { g
i

L

iy =

GO TO Il S

END NAME ¥ §

[ EL

The order in which the above subroutines are called %

is very important and should be exactly as shown for the } i3
program to function correctly. o §
A complete description of each section of the main i g
program is presented below, In reading this material, the .t %

1, NAME: PROCEDURE OPTIONS (MAIN) de-
fines procedure NAME as the main prcgram.

..__....‘
e e §

2. DECLARE STATEMENTS define all variables
and subroutines used in the main program. All subroutines
are declared as entry points using DCL. ENTRY statements .
: exactly as they appear in the sample problem in Appendix B. o
3 In addition all variable names vsed in the program are de- ‘
1 clared with the following aitributes: FIXED or FLOAT; L
BINARY or DECIMAL; AUTOMATIC, STATIC, CONTROLLED, H
or EXTERNAL; and double or single precision, The following '
variable names must be declared EXTERNAL and must always Ly
appear in the declare statements QVAPOR(*), T'VAP(*), RO(*), I
and AIRPRNT. Additional variables declared EXTERNAL for T
GAUSBM or QFUSON are: IMAX, QMELT(*), TIMS, TMELT(*),
and NDX (20, 20). In addition variable names QVAPOR, TVAP,
QMELT, TMELT, and RO are specified as CONTROLLED and
must be assigned array lengths in an ALLOCATE statement. Ny
The array length is equal to the number of vaporizing mate- . R
rials, These variable names are defined as follows: ‘

Jpe—
[

e ETTALT T W,

..-h..,.—,

QVAPOR is an array definiag the latent
heat of vaporization for each
material assigned thermal
properties in READRK, where
the subscript of QVAPOR is

- 30 -
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the index defining the mate-~
rial (FLOAT BINARY)
(Btu/1b),

TVAP . is an array of corresponding
vapor temperatures (FLOAT
BINARY) CR);; TVAP(*) is
zero if material I ablates
with a chemical reaction in-
stead of vaporizing. (In addi-
tion, for cases with vaporiza-
tion, Hy, is set to air enthalpy
values in the input to READABRB.
Hence CLAD is restricted to
raodels which either vaporize
or chemically ablate, and can-
not handle models with both),

QMELT is an array defining the latent
heat of fusion for each mate-
rial assigned thermal proper-
ties in READRK, where the
subscript of QMELT is the in-
dex defining the material
(FLOAT BINARY) (Btu/lb),

TMELT is an array of corresponding
melt temperatures (FLOAT
BINARY) °R), and

RO is an array of corresponding
densities (FLOAT BINARY)
(ib/it3),

The attributes assigned to other variables in the declare
statements are discussed below as they are encountered in
the program. '

3. CALL STORE (LASCAP, 1L.ASCAP, 3) specifies
all ailocatable variables as arrays of length LASCAP, and

- 31 -
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initializes them to 0.0.

LLASCAP is a fixed binary number
equal to the largest capacitor number used in the program.

| The "'3" informs STORE to allocate variables used in rou-

r tines THREED, QFUSON, ABAROS, and CAPCN3.

\ 4. If variable names are not assigned initial
. values in the above DECLARE statements, they are given

values in one of several ways.
assignment statement such as X = 10; Another is through

One of these is through an

Lo GET statements such as GET LIST (X); or GET COPY DATA.

lows:

e

where:

' If the variables are a function of temperature then they
should be initialized by calling subroutine READRK as fol-

CALL READRK (I, IND, D1, D2, D3, D4, NI,

INFILE);

IND

D1, D2, D3, D4

NI

INFILE

- 32 -

is an index (FIXED BINARY),

the name of the table contain-

ing values for the independent

temperature variable (FLOAT

(%INARY array of length NI+1)
R),

are variable names of tables
for the first, second, third,
anc fourth temperature depen-
dent variables (FLOAT BI-
NARY numbers of length NI),

is a number identifying the
length of the tables (FIXED
BINARY), and

is the data file from which the
tables are to be read (this
variable is declared as a

[
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FILE in the declare state-
ments above. If the input is

to be read from data cards
then INFILE is SYSIN, (FILE)).

e ke 1L

Data cards required for READRK are as follows:

Two comment cards, followed by NI cards, each

l containing the appropriate values for:

4
THR JOMNE HOPRINE UNIVERDITY 3
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L3
§

IND in columns 1 to 14

EPET

D1 in columns 15 to 29

D2 in columns 30 to 44 All in F-Format

P S

D3 in columns 45 to 59

i
g
i

i

i

D4 in columns 60 to 75

Thermal properties of each material must be initial-
ized by a call to READRK, where:

1 is a unique number from 1
to 9 identifying the material,

IND is temperature CR),
D1 is the product of density and
F specific heat (Btu/ft3.°R),
- D2 is thermal conductivity 3
z (Btu/t: -+ °R),
1‘ D3 is surface emissivity, and 3
D4 is surface absorptivity. i

Thermal contact conductances must also be input via
READRK, where: A

T - 33 -
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5.

1

IND

D1

D2

D3 and D4

is » number from 1 to 9
identifying the conductance
table (this number must be
different from that used for
material property tables

and other conductance tables),

is temperature (°R),
is a dummy variable or an-
other variable with depen-

dence on tempervature,

is contact conductance’
(Btu/ft2+h+°R),

are dummy or other varia-
bles.

Output from READRK includes the two comment cards
and numerical values assigned to each argument.

CALL READTM (1, IND, D1, D2, D3, D4, D5,

I

IND

D1, D2, D3, D4,

D5

- 34 -

NI, INFILE); reads time dependent variables, where:

is an index defining the
READTM statement (FIXED
BINARY),

is an array containing values
for the independent time varia-
ble (FLOAT BINARY array of
length NI+1) (seconds),

are arrays of the first, sec-
ond, third, fourth, and fifth

dependent variables (FLOAT
BINARY arrays of length NI),

prer
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NI is the length ot the above
arrays (FIXED BINARY),
and

INFILE is the data file from which

above arrays are to be read
(this variable is declared as
& FILE in the declare state-
ments. If input is read from
data cards then INFILE is
SYSIN (FILE)).

Data cards required for READTM are as follows:

Two comment cards, followed by NI cards, each con-
taining values for:

IND in columns 1to 9

D1 in columns 10 to 19
D2 in columns 20 to 29
All in F-Format
D3 in columns 30 to 39

D4 in columns 40 to 49

DS in columns 50 to 59

6. CALL READAB - Subroutine READAB per-
forms two basic functions. First it computes the enthalpy of
the ablative material in its solid state. This is accomplished
by trapezoidal integration of tiie capacitance/density versus
temperature curve. The second operation of READARB is to
read the thermochemistry data supplied by the EST program
(Ref. 2). The subroutine reads this thermochemistry data,
changes it to the apprcpriate units, and adapts it to the form
required by subroutine ABARO3. For a Lewis number not
equal to 1 the conversion process is as follows., The EST

program provides values of gas temperature (Tr g w)' gas

v v e S5 WER B B B O BN B B B e &= B D

- 35 -
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enthalpy at the surface (H w)» the eathslpy of the gas con-
stitutes at the boundary luyer edge evaluated at the wall
temperature (He ), and the chemical activity function

(121 (Z Le” i. )M-l1 w)* 81l as tabular functions of gas
pressure (Pp)) and the ablation to diffusion mass loss ratio
(8). The EST data is expressed in calories, grams, and

°K. READAB has as a parameter the conversion factor re-
quired to covert these values to Btu, lbm, and R. Further-
more, the routine computes log;g 8, Hy, y» He, w» and
"QCHEM" as functions of Py, and Ty, where:

N

" " o_ - -
; QCHEM" = ifl (zi‘e zi.w) AHi'w +8 (Ha.w Hrg. W) .

Notice that qephem = Pu (Cpy)p 'QCHEM'. The values of T,
used in this table are specified in the parameters of READAB.

For a Lewis number equal to 1, READAB converts
EST values as follows. The EST program provides values of
Tw and H rg,w as functions of Pl¢ and 8. The data is con~
verted to units of Btu, lbm, and "R. In addition READAB
also computes log, B, H,.g we and "QCHEM" as functions of
P; and T, where values o1 T, are 8 __pecmed by parameters
. READAB and "QCHEM'" = 8 (H Hpo ). Notice that in
3 this case "QCHEM'" is a misnomer since it is really a por-
tion of q ., @and q,,. ... (Eq. (8)), and cannot be related to

9chem 2lone.

e T TP

In its output READAB prints the ablat ive material
enthalpy (Hy ) Eq. (9), as a function of temperature (T,,).
It also prmts both the dimensionally converted input data
from EST as functions of Py, and 8, and the reformated data
as functions of Py and T,,. Occasionally one may not wish
to have these tab{'és printed in the output as they can be quite
lengthy. If so, the following statement is placed in the main
program:

. Al M A

DCL AIRPRNT INIT(0) FIXED BIN EXT;

- 36 -
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Subroutine READAB is invoked by the calling se-

quence:

where:

CALL READAB (#PL, #BETA, LEW3,
RHO, RHOCP, TEMP TWMIN, TWMAX,
TWINC, CONV, INFILE);

#PL

#BETA

LEW#

RHO

RHOCP, TEMP

TWMIN, TWMAX,
and TWINC

specifies the number of pres-
sure entries being supplied by
the EST program (FIXED BIN),

specifies the number of ablation
to diffusion mass loss ratio (8)
values being supplied by the EST
program at each value of pres-
sure (FIXED BINARY),

is the Lewis number (FLOAT
BINARY),

is the surface material density
(FLOAT BINARY) (lbm/ft3),

is a list of density times specific
heat values for the surface mate-
rial (from which values of Hg
are calculated) (the values cor-
respond to temperatures in the
list TEMP (FLOAT BINARY)
(Btu/ft3, °R); the length of

array TEMP is one greater

than array RHOCP),

are constants that specify the be-
ginning value of temperature, the
ending value of temperature, and
the increment of temperature be-
tween these limits for the variable

- 37 -
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Ty which is used in convert-
ing EST data from fun tinn of
Py, and 8 to lunctions of P, and i
Ty .

.
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CONV is the conversion factor re-
quired to convert input data to .
°R. If data is in °K and cal/g,
then CONV = 1, 8; otherwise P
CONV = 1.0 and input data
have units of °R and Btu/lbm
(FLOAT BINARY), and !

INFILE is the data file from which input
to READAB is to be read (if in- .
put is read from data cards then s
INFILE is SYSIN (FILE).

READAB automaticallg assumes an enthalpy reference tem-
perature (Tpo¢) of 536" R, If a different value is desired the
user may declare TREF as FLOAT BIN EXT in the main pro-
gram and assign it the appropriate value in °R.

, In addition to the above arguments READAB also re-
ceives information from data cards or a data tape., These
data consist of: two commentary cards followed by chemi-
cal data tables obtained from the EST program. The data
are formatted as follows: First there are #BETA cards de- i
fining chemical data at a given local pressure (P, ) as a
function of 8. This set of cards is followed by s&l‘)sequent
sets defining chemical data at other local pressure levels,
Hence for each local pressure there are #BETA cards and
there are #PL pressures, i.e., #PL*¥BETA data cards in
the table. #BETA and #PL must be greater than 1.

The data included on each card depend on the Lewis
number. If LEW# = 1 then each card contains the following,
in F-format:

- 88 -
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Column Units
Pp 1t0 13 atmospheres
] 14 to 26 none
Tw 27t0 39 °Cor°R
ﬁrg. W 40 to £2 cal/gm or Btu/lbm

For nonunity Lewis numbers each card contains the
following, in F-format:

Column Units
Py, 1to 13 atmospheres
8 14 to 26 none
Tw 27t0 39 °Cor°R
'I-_l',.g‘w 40 to 52 cal/g or Btu/lbm
'ﬁe.w 53 to 65 cal/g or Btu/lbm
N
11:21 (Zy o =2 JoH o 66 to 78 cal/g or Btu/lbm

It is noted here that the above described variables
should not be of direct concern to the user, They do nct
enter into the calling sequence of any of the subroutines and
tiheir allocation and subsequent use of controlled internally
by READAB and ABARO3. Their description is included
only for completeness.

Both subroutines (ABAROS and READAB) meke use
of a number EXTERNAL variables thut have not yet been
described. These variables are essentially the storage
locations for the thermochemical data (supplied by the EST
,‘ program) as needed by ABAROS to perform the ablation
; _ analysis. These variables are:

.
&

I—Jﬂ

o
+
4
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PL

BETA

™

TWI

QCHEM

is a one-dimensional array (or liat)
of pressure values (Pp ) given by the
EST program in atmospheres, and is
one of the independent variables for
the property data (during actual use,
this variable ia converted to the basge
10 logarithm of the pressure value),

is a list of ablation to diffusion mass
loss ratio values (8) supplied by the
EST program and is the other inde-
pendent variable for the given prop-
erty values (during actual uge this
variable contains the natural loga-
rithm of 8),

{8 a two-dimensional array of values
specifying absolute temperature (°R)
(each row of this dependent variable
is a list of values for which the pres-
sure is constant and given by the cor-
responding value in PL),

is 3 one-dimensional array of tem-
peratures (°R) specified by TWMIN,
TWMAX, and TWINC as described
above (this list is the independent
variable used with PL to describe
QCHEM, HW, and HEW,

is a two-dimensional array of either

N
Lfl 2,6~ 2 AHi.w]

+8 <H& Hrg. w)

W

for a Lewis <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>